Angiogenesis is a key step during tumor progression, and the production of vascular endothelial growth factor (VEGF) plays a central role during this step.
Angiogenesis is a key step during tumor progression, and the production of vascular endothelial growth factor (VEGF) plays a central role during this step. 1) Transcription of the VEGF gene is enhanced under hypoxic conditions and controlled primarily by hypoxia response factor 1 (HRF-1). 2, 3) hypoxia-inducible factor (HIF)-1 is a heterodimeric protein comprising HIF-1a and HIF-1b, both of which are basic helix-loop-helix transcription factors. 4) Whereas HIF-1b is constitutively expressed, HIF-1a is stabilized under conditions of hypoxia and activates hypoxia-inducible genes such as those for erythropoietin 5, 6) and VEGF. 2, 7) In the presence of oxygen, HIF-1a is hydroxylated at specific proline residues and targeted for ubiquitination. 8) Thus the level of HIF-1a is critical to the expression of VEGF.
VEGF is produced by certain types of malignant cells, participates in tumor progression by inducing angiogenesis, and has become a molecular target in cancer chemotherapy. 9, 10) Down-regulation of VEGF production by tissue inhibitor of metalloprotease (TIMP)-2 or endostatin reduced angiogenesis as well as tumor progression, 11, 12) and inhibitors of VEGF receptor tyrosine kinase also show anti-tumor activity. [13] [14] [15] [16] [17] Inhibitors of VEGF production are, thus, expected to be chemotherapeutic agents for cancer. We previously established a high through-put assay system using a stable transformant of mammalian cells that has incorporated the luciferase gene under the control of hypoxia-response element (HRE). 18) Using this system, we identified flavonoids and homoisoflavonoids that show significant inhibition of reporter activity induced under hypoxic conditions. In the present communication, we describe their modes of action against HIF-1a.
MATERIALS AND METHODS
Cell Culture A stable transformant of CHO cells (clone A4-4) was established by the transfection of HIF-1-dependent luciferase (5ϫHRE/pGL3/VEGF/E1b) and neomycinresistant genes as described previously. 18) HepG2, HeLa S3, HT1080, and KATO III cells were provided by the Japan Health Science Foundation, and were cultured in Dulbecco's minimum essential medium (MEM) (HepG2, HT1080), a-MEM (HeLa S3) or RPMI-1640 (KATO III) medium supplemented with 10% fetal bovine serum. Human umbilical vein endothelial cells (HUVEC) were purchased from the Takara Shuzo Co. and cultured in endothelial growth medium (EGM) supplemented with growth factors (EGM-2). Cells were cultured at 37°C in 5% CO 2 in humidified air. Under hypoxic conditions, cells were placed in a humidified chamber ventilated with a gas mixture of 5% CO 2 and 95% N 2 . The hypoxic state was confirmed as described previously.
18)
Chemicals Flavonoids: Isorhamnetin, isorhamnetin 3-glucoside, isorhamnetin 3-rutinoside quercetin, isoquercitrin, and rutin were isolated from the leaves of Phoenix canariensis. 19) Luteolin, glucoluteolin, and luteolin 7-rutinoside were isolated from the leaves of Trachycarpus fortunei. 20) 5-OAcetyl-3Ј,7-di-O-methylhesperetin was obtained by methylation followed by acetylation from hesperetin isolated from Aurantii pericarpium. 21) 4Ј-O-Methylsakuranin was obtained by methylation of sakuranetin isolated from Pruni jamasakura CORTEX. 22) Homoisoflavonoids: Methylophiopogonanone B and compound I were isolated from the subterranean part of Ophiopogon ohwii.
23)
Tubular Formation Solubilized collagen (type I: Koken Co., Tokyo) was mixed with medium (M199 supplemented with 10% fetal bovine serum) at a concentration of 1 mg/ml, and neutralized to pH 7.0 with 1 N NaOH. Then, 0.8 ml of the solution was added to a well of a Corning 12-well plate, and polymerized by incubation in a CO 2 incubator for 1 h. HUVEC were suspended in M199 supplemented with 5% FBS at a concentration of 4ϫ10 5 cells/ml, and 1 ml of the suspension was added to polymerized collagen gel and incubated for 16 h. The medium was removed from the wells, 0.8 ml of freshly prepared collagen solution was added, and the mixture was polymerized by incubation for 1 h as described previously. 24) Flavonoids were added to the cell/collagen matrix and incubated for 28 h to examine tubular formation.
Luciferase Assay Cells were plated into 96-well tissue culture plates (Falcon) at a density of 1ϫ10 4 cells/well, and treated with chemicals 16 h later. They were incubated further for 48 h under normoxic or hypoxic conditions, and harvested for the determination of luciferase activity. The assay was carried out using a kit provided by Promega Corp. (Madison, WI, U.S.A.) following the manufacturer's manual. Cytotoxicity was estimated by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) method as described previously. 25) RNA Analysis Total RNA was extracted with guanidium-hot phenol and samples of 20 mg of RNA per lane were separated on agarose gel containing 2.2 M formamide. The RNA was transferred to a nylon membrane and hybridized with a probe labeled by nick translation as described previously.
26) The probe (human VEGF cDNA) was prepared by a reverse transcription-polymerase chain reaction (RT-PCR) method using total RNA from HUVEC as a template and primers (5Ј-GAGTGTGTGCCCACTGAGGAGTCCAAC and 5Ј-CTCCTGCCCGGCTCACCGCCTCGGCTT) cloned in a pGEM-T Easy vector. For real time RT-PCR, total RNA was reverse transcribed using SuperScript II (Invitrogen Co.), and cDNA was amplified by PCR using SYBER Green (Applied Biosystems Co.). Semi-quantitative estimations of VEGF mRNA levels were performed using GeneAmp R5700 (PE Biosystems) with a primer set (5Ј-TGCAAAAACACA-GACTCGCG and 5Ј-TGTCACATCTGCAAGTACGTTCG), and a reference of b-actin (5Ј-CCTGGCACCCAGCACAAT and 5Ј-GGGCCGGACTCGTCATAC).
Western Blotting For immunoblotting, cells were washed with PBS and lysed in a RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture, Wako), and insoluble material was removed by centrifugation. Proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred onto PVDF membranes, washed with phosphate buffered saline (PBS) (10 mM Tris, pH 7.4, and 100 mM NaCl), and blocked with blocking buffer (PBS containing 0.1% Tween 20 and 1% bovine serum albumin (BSA)). Blots were incubated with anti-HIF-a antibody (BD Transduction Laboratories, 1 : 250 dilution) per milliliter for 1 h at room temperature. Horseradish peroxidase-conjugated secondary antibodies (Amersham Pharmacia Biotech) were used at 1 : 10000. Bound antibodies were visualized using an enhanced chemiluminescence detection system (Renaissance TM, New England Nuclear Life Science Products, Boston, MA, U.S.A.). Anti-glyceraldehyde dehydrogenase (Chemicon International) was used as a reference.
RESULTS AND DISCUSSION

Inhibition of HIF-1/Reporter Activity by Flavonoids and Homoisoflavonoids
The Chinese hamster ovary (CHO) A4-4 cells were established by transfection of pSV2neo and 5ϫHRE/luciferase plasmids, and luciferase activity derived from the transfected reporter increased significantly under hypoxics condition as reported previously. The cells were used to screen for inhibitory substances. Among 800 samples extracted from plants, several flavonoid compounds were found to inhibit the increase in luciferase activity induced by hypoxia. The activity of several purified flavonoids was, therefore, examined. Flavone-type isorhamnetin, luteorin and quercetin inhibited the reporter activity at doses that essentially were not toxic to the cells (Figs. 1a-c) , but their glycons were not active (Fig. 1d , and data not shown). The effective dose to inhibit the increase in reporter activity was 3 to 9 mg/ml in CHO A4-4 cells. Flavanone-type 5-O-acetyl 7,3Ј-O-methyl hesperatin, 4Ј-O-methyl sakuranetin (data not shown), homoisoflavone-type methyl ophiopogonanone B (MOB) and compound I were also potent inhibitors of HIF-1a activity (Figs. 1e, f) . These flavonoids had no inhibitory effect on other reporter systems such as p21/WAF1 or p16/INK4a (data not shown), and their effects are thought to be specific to HRE.
Effect of Flavonoids on VEGF mRNA and HIF-1a a Protein Levels Among these substances, MOB was the most effective in inhibiting the induction of reporter activity, and its effect on the expression of VEGF mRNA was examined using HUVEC and HepG2 cells. Cells were cultured under hypoxic condition for 16 h, and total RNA was extracted. VEGF mRNA levels were examined by real time RT-PCR or Northern blotting. As can be seen in Fig. 2 , MOB or compound I at concentrations above 10 mg/ml inhibited the accumulation of VEGF mRNA under hypoxic conditions. Transcription of the VEGF gene is dependent on levels of HIF-1a, and we next examined the levels of HIF-1a in cells treated with MOB or compound I. HepG2 cells were cultured under a hypoxic atmosphere in the presence or absence of MOB. Levels of HIF-1a were determined by Western blotting. The results in Fig. 3 show that MOB and compound I reduced the accumulation of HIF-1a during hypoxia or in CoCl 2 -treated cells. (2), or in the presence of 20 or 30 mg/ml of MOB (3, 4) , or compound I (5, 6). Total RNA was subjected to Northern blot hybridization. GD was a control probe that detected glyceraldehyde phosphate dehydrogenase mRNA.
Involvement of Proteasome and p53 in the Decrease in HIF-1a a Protein
The stability of HIF-1a is controlled by the ubiquitin-proteasome system, 27) and the involvement of the proteasomes was examined using an inhibitor. As can be seen in Fig. 4 , lactacystin inhibited the decrease in HIF-1a protein levels induced by MOB. Another factor that affects the stability of HIF-1a is the tumor suppressor, p53. p53 is known to participate in the degradation of HIF-1a under hypoxic conditions. 28) Effects of MOB on HIF-a levels in p53 wild-type and p53-deleted cells were examined. The decrease in HIF-a levels on treatment with MOB was significantly lower in p53-deleted HeLa S3 or KATO III cells than p53 wild-type HepG2 or HT1080 cells (Fig. 5) . These results indicate that p53 is involved in inhibiting the hypoxia-induced accumulation of HIF-1a.
Motility and Tube-Formation of HUVEC VEGF participates in the growth of endothelial cells as well as in cellular motility.
29) The effect of flavonoids on the migratory activity of HUVEC was assessed by a wound-healing assay. Part of a monolayer of HUVEC was scraped off with the tip of a pipetteman, and the migration of cells into the space created was observed under a phase-contrast microscope. The results shown in Fig. 6 indicate that MOB significantly inhibited the motility of HUVEC cultured in a medium containing no VEGF at concentrations of about 1 mg/ml. HUVEC form tubular structure in collagen matrix, and this phenotype depends on the activity of VEGF.
30) The formation of tube-like structure by HUVEC in collagen matrix was inhibited by MOB at concentrations that inhibited migration. The inhibition of cell migration or formation of tube-like structure by MOB was observed at concentrations much lower than those that inhibited VEGF production and decreased HIF-a levels, and it is possible that the biological effects of flavonoids are not a direct consequence of the decreased HIF-a levels.
Recently, it was reported that flavopiridol inhibited VEGF production induced by hypoxia in neuroblastoma cells, 31) and green tea catechins inhibited VEGF-dependent tyrosine phosphorylation of VEGF receptors. 32) On the other hand, tea catechins are reported to inhibit angiogenesis in vitro through inhibition of VEGF receptor binding. 33) Flavonoids seem to have a wide range of biological actions and be effective 1382 Vol. 26, No. 10 Hep G2 cells were cultured under conditions of normoxia (1, 9) or hypoxia (2-8), or else with 0.1 mM CoCl 2 (10) (11) (12) (13) (14) , for 16 h in the presence of MOB (3, 10 mg/ml; 4 and 11, 20 mg/ml; 5 and 12, 30 mg/ml) or compound I (6, 20 mg/ml; 7 and 13, 30 mg/ml; 8 and 14, 40 mg/ml). Cell extracts were subjected to SDS-PAGE and HIF-1a levels were determined by Western blotting using anti-HIF-1a, or anti-glyceraldehyde phosphate dehydrogenase (GAPDH).
Fig. 4. Effects of a Proteasome Inhibitor on MOB-Induced HIF-1a Degradation
Hep G2 cells were cultured in normoxic (1) or hypoxic (2-6) conditions for 4 h. Lactacystin (60 mM) was added to lanes 4 and 6, and MOB (30 mg/ml) was added to lanes 5 and 6. In lanes 3 and 4, cells were cultured under conditions of normoxia for 30 min after 4 h incubation under hypoxic conditions. Cell extracts were analyzed by Western blotting using anti-HIF-1a, or anti-glyceraldehyde phosphate dehydrogenase (GAPDH).
Fig. 5. p53-Status and HIF-1a Degradation
HepG2 and HT1080 cells express wild-type p53, whereas the p53 gene is deleted in HeLa S3 and KATO III cells. Cells were cultured under conditions of either normoxia (lane 1) or hypoxia (lanes 2-5) for 4 h in the absence (2) or presence of MOB at 10 (3), 20 (4) or 40 mg/ml (5). Cell extracts were analyzed by Western blotting using anti-HIF-1a. GAPDH levels were almost constant in each lane, and were not shown. chemopreventive agents in carcinogenesis. 34, 35) The results presented in this communication will help us to understand the molecular mechanisms of the biological consequences elicited by flavonoids. 
